A crystalline linear combination of atomic orbitals approximation (LCAO) has been used at the density functional theory (DFT) level to study the adsorption of fluorobenzene on the Cu(110) surface. Adsorption energetics have been modelled and scanning tunneling microscope (STM) images have been generated for the preferred adsorption geometry using the Tersoff and Hamann method. An adsorption energy of -93.4 kJ mol -1 is calculated, with the fluorobenzene molecule occupying a bridging site between the rows of surface copper atoms and an adsorption height of approximately 2 Å. Relaxation effects involving a tilt of the hydrogen and fluorine atoms away from the surface are accounted for in the calculations. Our predicted energetics compare favourably with experimental binding energies determined from temperature programmed desorption (TPD). The simulated STM images are compared with recent theoretical STM images of benzene.
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INTRODUCTION
In recent years interest has developed in the possibility of using STM to identify and discriminate between molecules adsorbed in mixtures on surfaces. Such an ability has extensive applications in the study of co-adsorbed molecules, including adsorption characterisation 1, 2 and the observation of surface-catalysed reactions [3] [4] [5] . Strong interest is also generated by the possibility of using STM to determine the sequence of nucleic bases in deoxyribonucleic acid (DNA), a practice common in biotechnology, medical science, and forensic science [6] [7] [8] . The discrimination of adsorbed molecules by STM is also central to many fields of nanotechnology such as molecular electronics and biosensors 9 . Development in these areas relies upon two factors;
firstly, sufficient resolution is required in the experimental images to allow for discrimination of subtle differences, and secondly the interpretation of STM images must allow these differences to be well understood. While there are constant improvements in the former, the latter requires theoretical support and there are currently a number of competing models commonly used to guide interpretation.
Furthermore, theoretical methods ideally need to be able to predict adsorption geometries and provide a useable description of the tunnelling process on an equal footing. It is towards this end that considerable research effort is currently directed.
In this paper we present a first principles investigation of the adsorption energetics and prediction of the preferred adsorption site and geometry of fluorobenzene on Cu(110). From this STM images are calculated using the TersoffHamann approximation 10 . While this methodology, in principle, provides a complete description of the density of states of the adsorbate-substrate system and predicts the preferred geometry, it does not implicitly describe the tunnelling process itself.
However, the utility of the Tersoff-Hamann method is well-documented and it is commonly used for image simulation.
Mono-fluorobenzene is chosen as the absorbed species since is differs from benzene only by substitution of a single functional group. A number of studies of benzene absorption on Cu(110) already exist including our own 11 , and hence fluorobenzene provides a good test the effects of functional group substitution on STM images. The fluorine atom is smaller than the hydrogen atom and hence may conventionally be expected to appear smaller in STM images than the hydrogen atom.
However, the electronic density of states will be greater in the region of the atom and we may in fact expect the fluorine to be highly prominent in STM images of fluorobenzene.
The adsorption of fluorobenzene onto metallic surfaces has been the focus of little previous research. Very little is therefore known about the adsorption characteristics of the system, including the adsorption site. Nakazawa and Somorjai 12 performed extensive studies on substituted benzene adsorbed on gold foil. They report a similar Temperature Programmed Desorption (TPD) spectrum for fluorobenzene as they obtain for benzene adsorbed on the gold surface. However, analysis of this TPD spectra reveals a slightly lower heat of desorption of 70 kJ mol 
CALCULATION METHOD
The commercially available CRYSTAL98 package 14 pseudopotential in order to improve the computational time. The use of small core pseudopotentials is supported by previous studies in which similar pseudo-potentials were found not to significantly affect the predicted surface geometry of rutile 18 . The copper surface was modelled using a semi-infinite periodic slab consisting of 4 atomic layers. This has previously been shown to provide an adequate model of the Cu (110) surface for ab initio studies of adsorption 11 . cases has been shown to be inadequate for unbalanced and / or extended basis sets 21 giving energy corrections that shift in the wrong direction. However, we have already
shown that it has a dramatic effect on absorption energies for benzene on Cu (110) calculated under similar conditions 11 and in this and the present case consistently produces energy changes in the correct direction. Moreover, absorption energies calculated for benzene which include BSSE are in far better agreement with experiment than the uncorrected values. The effect of the C-F bond angle was then quantified by optimising this angle with respect to energy.
Adsorption chemistry was investigated using electron density difference plots and total electronic charge variations. Electron density difference plots for the optimised geometries were generated by subtracting electron density maps of isolated fluorobenzene and copper from an electron density plot of the combined surfaceadsorbate system. Simulated STM images of preferred orientations were calculated using CRYSTAL98 14 through the method described by Tersoff and Hamann 10 . A discussion of the merits and limitations of this model is given elsewhere 11, 22, 23 .
RESULTS AND DISCUSSION
A. Prediction of the optimum absorption geometry and energy
Predicted values for the adsorption height and binding energy for each of our proposed adsorption sites are presented in Table 1 Analysis of a second order polynomial fitted to the calculated data indicates that the optimum C-F bond angle is +3.13˚, indicating a slight tilt away from the surface. This is expected, as both hydrogen and fluorine are electron withdrawing substituents.
It is therefore reasonable to expect the fluorine to adopt a similar tilt away from the surface as the hydrogen atoms which are bound to the other carbon atoms. The optimisation of the C-F bond angle resulted in a relatively small variation in the adsorption bond strength, with a final adsorption energy of -93.4 kJ mol -1 . This represents a significantly stronger interaction than the value of 70 kJ mol -1 obtained through experimental TPD by Nakazawa and Somorjai 12 . However, the inert gold surface used by these authors is expected to result in a weaker adsorption interaction.
Our calculated adsorption energy is therefore reasonable.
B. Adsorption Chemistry
Electron density difference maps have been calculated for the preferred adsorption geometry in order to investigate the bond formed between fluorobenzene and the Cu(110) surface.
An examination of figure 2a reveals electron density increases between the fluorobenzene ring and copper surface around the 4 carbon atoms in close proximity to the surface copper atoms. The other two carbon atoms which lie between the surface Cu rows show a small decrease in electron density. The electronic redistribution in this plane is essentially identical to that observed for benzene adsorbed on the Cu(110) surface 11 .
Charge redistribution due to bonding between the benzene ring and surface is also evident in figure 2b. Here the density difference is plotted in a plane perpendicular to the surface through the two carbon atoms closest to the surface Cu rows. Electron density about the positions of the 2 carbon atoms appears to have been pulled into the region between these atoms and the copper surface, while small decreases in electron density may be observed at the positions of the surface layer copper atoms. Once again, the variation is identical in the case of benzene adsorbed on the Cu(110) surface 11 .
For a perpendicular plane through the two carbon atoms sitting between the copper surface rows (figure 2c), the redistribution of density is smaller and occurs between the carbon atoms themselves rather than toward the copper substrate.
Change of electron density in the second layer of Cu atoms is also evident in this plot.
Two layers of atoms from the substrate participate in the bonding process when benzene adsorbs. This is perhaps not surprising given the delocalised nature of the electrons in the metallic copper substrate and demonstrates why (at least) 4 layer slabs are necessary to describe the adsorption process. A comparison with the density difference map of benzene on the Cu(110) surface reveals identical variations 11 .
These density difference diagrams suggest that adsorption of fluorobenzene occurs via essentially the same mechanism as benzene on the Cu(110) surface.
Adsorption occurs primarily through those carbon atoms which are in close proximity to surface layer copper atoms. The impact of the fluorine substituent is minimal, although the weaker adsorption bond observed for fluorobenzene indicates that some effect does occur.
The effect of the fluorine substituent on the adsorption chemistry may be investigated further by examining the variations in the total electronic charges of the atoms of the molecule and surface. These charges may be calculated using Mulliken population analysis 24, 25 . A summary of the calculated total electronic charges is At the surface, significant losses of electronic charge occurs from those surface layer copper atoms which are in close proximity to carbon atoms. Hence, we observe large negative variations at copper atoms 2 and 11. These variations are essentially identical to those observed in the adsorption of benzene. Smaller losses of electronic charge are observed on the second layer copper atoms (6 & 7) . It is interesting to note that the loss of electronic charge from the second layer copper atom (7) closest to the fluorine substituent is much less than in the case of benzene adsorption. Similarly, those surface layer copper atoms (18 & 20) which are not close to carbon atoms but which are close to the fluorine substituent gain significantly more charge than in the case of benzene adsorption. This is in contrast to the surface layer copper atoms (17 & 19) at the opposite end of the molecule, for which the gain in charge is very similar to variations observed in the case of benzene adsorption. 
